Abstract: Hypogonadism is a common problem in the end-stage renal disease (ESRD) and renal transplant population. It has widespread systemic effects and has been linked with mortality in dialysis patients and at the time of renal transplant. The etiology is likely multifactorial and most patients are afflicted by various comorbidities that can contribute to hypogonadism. Clinical manifestations are mostly nonspecific. We review the approach to the diagnosis of hypogonadism, focusing on both laboratory values and clinical signs and symptoms. We review treatment with testosterone replacement in this population and highlight various studies that tend to have small sample sizes. Though these studies provide insight into testosterone replacement, the need for larger studies is emphasized to better understand the effects and safety of therapy.
Introduction
Low testosterone is a common finding in end-stage renal disease (ESRD) and renal transplant patients. Over half of male renal failure patients demonstrate low or low-normal levels of testosterone (1,2)-a much higher percentage than the 6-9% of men affected in the general population. The etiology is likely multifactorial and the term "uremic hypogonadism" has been coined to describe the hormonal state associated with kidney disease.
The clinical implications of low testosterone are varied and include associations with mood, anemia, muscle mass and strength, bone mass, and sexual function. Therapeutic options are controversial and include optimal management of kidney function, pharmacologic options, and testosterone replacement. The use of testosterone supplementation in particular has dramatically increased in the past few years. In the UK, the number of prescriptions for testosterone replacement increased nearly 90% from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . Many of these prescriptions were for the newer, more costly, formulations resulting in a nearly 300-fold increase in healthcare costs (3) .
Recently, testosterone replacement has been linked with increased cardiovascular risk-though this claim is controversial and has been disputed due to discrepancies in statistical analyses (4) . Despite this widespread use of testosterone, data is lacking concerning the overall health risks, benefits, and effectiveness. The data on use of testosterone in ESRD patients is even more limited. Low testosterone levels have been correlated with higher all-cause and cardiovascular-related mortality in dialysis patients (5) and low levels at the time of transplantation are associated with patient and graft loss (6) . There is a dearth of information on the effect of testosterone therapy in ESRD and transplant patients.
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Many patients have comorbidities that can contribute to hypogonadism including diabetes, vascular disease, atherosclerosis, older age, and obesity. In addition to these pre-existing conditions, ESRD patients are in a chronically inflamed state; with documented elevated levels of inflammatory biomarkers (7) . These factors are likely interrelated and ultimately culminate in changes to the hypothalamic-pituitary-gonadal axis. Though the process is complex and incompletely understood, there are several known disruptions including reduction of gonatotropinreleasing hormone (GNrH) and reduced amplitude of the resultant luteinizing hormone (LH) secretory burst (8) . LH levels are elevated in chronic kidney disease (CKD) patients due to reduced testosterone feedback, and testicular failure contributes to reduced testosterone levels. Follicle-stimulating hormone (FSH) levels are also generally elevated. In addition, prolactin levels in CKD patients are elevated and resistant to suppression and can lead to suppression of the normal pulsatile release of GnRH ( Table 1) .
Clinical presentation of hypogonadism
Hypogonadism can affect multiple systems with sexual dysfunction perhaps being most obvious presentation and includes low libido, difficulties with orgasm, low overall sexual satisfaction, and erectile dysfunction ( Table 2 ). The majority of men with ESRD report some form of sexual dysfunction with some studies reporting >80% of ESRD patients affected. Several studies have reported significantly lower quality of life scores on validated questionnaires (9, 10) and have shown diminished quality of both physical and mental aspects of life.
The association between testosterone deficiency and anemia in CKD patients has recently been studied and testosterone levels were found to be negatively associated with hemoglobin levels in uni-and multivariate models (11) . CKD patients were 5 times more likely to be anemic if they had low testosterone levels. There was an inverse association between testosterone levels and erythropoiesis-stimulating agents (ESAs) as well, making testosterone a possible target for patients who are hyporesponsive to ESAs.
Many of these presentations however are nonspecific and can be found frequently in older patients with multiple comorbidities such as those on dialysis. It can be difficult to differentiate the etiology of these manifestations. Care should be taken to ensure adequate nutrition, physical activity, strength building, and correction of anemia in all patients prior to attributing clinical presentation to hypogonadism alone. Laboratory evaluation is critical to help discern the etiology.
Diagnosis
The diagnosis of hypogonadism is two-pronged and includes the laboratory detection of a low testosterone level and well as the corresponding signs and symptoms. It is important to be familiar with the laboratory assay being used at a particular institution as well as the reference ranges in order to appropriately interpret results. Total serum testosterone is generally the first test that is ordered and can be measured by antibody-based assay or mass spectrometry. The antibody-based assay is widely used but has been shown, at low testosterone levels, to have high intertechnique variability and poor agreement when compared with results from mass spectrometry. Moal et al. compared five immunoassay techniques with mass spectrometry and found none of them to be reliable methods of determining low serum testosterone levels (12) . These considerations should be kept in mind when evaluating a laboratory value.
Samples for testing should be drawn in the morning; at the time of peak testosterone levels. It is generally recommended that at least two levels are drawn for diagnosis. Total serum testosterone is usually sufficient, with the normal ranges varying between different laboratories. Because of this variability, there is no strict cutoff for the diagnosis of hypogonadism however typical guidelines suggest a total testosterone <350 ng/dL or free testosterone <80 ng/dL in the presence of symptoms. Therefore, each evaluation should take multiple factors into consideration including reference ranges, methods, and presence of clinical signs/symptoms.
Testosterone replacement
Once the diagnosis of hypogonadism is made in an ESRD patient, a treatment plan must be determined. The combinations of low testosterone levels and signs/symptoms consistent with hypogonadism lead to the consideration of testosterone replacement therapy. The risks and benefits of testosterone replacement have been extensively studied in the general population. It is well known that testosterone replacement leads to improvement of muscle mass and strength (13) and bone density (14, 15) . Improvements in energy, positive feelings, and friendliness along with decreased negative feelings including anger and irritability have been previously shown (16) . Improvements in sexual function have likewise been demonstrated (16) . The data for CKD or ESRD patients, however, is scant.
In 1982, Barton et al. published the effects of intramuscular testosterone replacement in six hypogonadal ESRD patients over a 6-month period. Testosterone levels markedly increased while FSH and LH levels significantly decreased (17) during the study time period. In a double blind study, van Coevorden et al. administered oral testosterone or placebo to 19 ESRD patients on dialysis. Levels of testosterone increased with falls in LH and FSH in the patients receiving testosterone; while no changes were observed in the patients receiving placebo (18) . These findings suggest an improvement in biochemical levels of hormones in response to androgen replacement in ESRD patients.
Lawrence et al. evaluated the effect of testosterone replacement on sexual function in hypogonadal ESRD men on dialysis. 27 patients were administered intramuscular testosterone and while all demonstrated biochemical resolution of hypogonadism, only 3 (11.1%) experienced restoration of libido as well as fullness and duration of penile erections. Unfortunately, 2 of these 3 responders lost their response within 18 months. None of these responders had renal disease of diabetic etiology. Nineteen subjects experienced partial responses while five subjects had no response. This study also offered vacuum tumescence therapy to the 26 ESRD patients whose sexual dysfunction did not respond to testosterone. Nineteen of these patients experienced full correction of their erectile dysfunction. Four subjects noted mild fluid retention, a known side effect of testosterone therapy (19) . Cangüven et al. evaluated the effect of testosterone gel treatment on nine men on dialysis with erectile dysfunction and hypogonadism. Treatment with gel significantly increased serum T levels and significantly decreased levels of FSH and LH. They found significantly improved scores on the International Index of Erectile Function (IEFF), improved intercourse satisfaction, orgasmic function, sexual desire, and overall sexual satisfaction. In addition, there was a significant increase in the frequency of intercourse. All subjects were able to complete the 6-month study without significant adverse effects (20) . Chatterjee et al. studied 12 patients with hypogonadism and erectile dysfunction-4 were on hemodialysis and 8 were post-renal transplant. All patients received intramuscular monthly injections of testosterone and oral sildenafil once or twice weekly for 1 year. All 12 patients were able to participate in sexual intercourse and reported improvement in IEFF score. Post-treatment hormone levels were not reported (21) . As mentioned, sexual dysfunction in the CKD population is likely multifactorial, and the combination of sildenafil and testosterone replacement targets multiple likely coexistent etiologies.
The ability of renal transplantation to improve aspects of sexual dysfunction is controversial and studies are notable for small sample sizes. Shamsa et al. prospectively evaluated 15 ESRD patients who underwent living donor transplantation and found that mean testosterone level decreased significantly after transplantation (22) . IIEF scores improved in 11/15 cases but worsened in 2 cases. A study by Barroso et al. compared men on dialysis and after renal transplant and found no difference in the prevalence of erectile dysfunction. They did, however find significant difference in ability to achieve orgasm, libido, and overall sexual satisfaction (23) . Other studies have also found no difference in erectile dysfunction after renal transplantation (24, 25) . This lack of significant improvement may be attributed to comorbidities, effect of medications, and persistent disturbed physiology.
Testosterone treatment for the correction of anemia in dialysis patients has been previously studied. In a 6-month prospective trial, Gaughan et of recombinant erythropoietin in addition to 100 mg intramuscular nandrolone decanoate weekly. At the completion of the study, both groups improved mean hematocrit but the group that received nandrolone decanoate in addition to the recombinant erythropoietin had a statistically greater increase (8.2%±4.4% vs. 3.5%±2.8%; P=0.012) (26) . Teruel et al. prospectively studied the effect of testosterone treatment alone on anemic male dialysis patients. Twenty-five patients received 200 mg intramuscular nandrolone decanoate weekly for 6 months. They found an increase in both serum erythropoietin and hemoglobin (basal value: 8±0.9 g/dL; at 1 month postandrogen: 9.2±1.3 g/dL, P<0.001; at 6 months: 10.7±1.8 g/dL, P<0.001) (27) .
To our knowledge, the effect of testosterone replacement on bone density and muscle mass and strength in CKD patients has not been studied. It has been shown that dialysis patients with the lowest testosterone levels score lower on tests of strength-but this is an association and a multitude of other factors may play a causal role. It is possible that testosterone replacement could have anabolic effects in this population but more studies are needed in this area. Total testosterone has been shown to correlate inversely with sRANKL levels in dialysis and may play a role in bone homeostasis in dialysis patients but more data remains to be seen.
The goal of testosterone replacement is to treat the signs and symptoms of testosterone deficiency. Once a treatment regimen is started, it is important to continue to monitor testosterone levels as well as monitor for improvement in the clinical presentation. Serum testosterone monitoring should be tailored to the type of replacement the individual is receiving. If injections are being given, levels should be measured halfway between injections. With testosterone gels, levels can be measured at any time. And with testosterone patches, levels should be measured 12 hours after application. If adequate levels (total testosterone between 400 and 900 ng/dL) are maintained without improvement in signs/symptoms, the treatment plan should be reconsidered.
Conclusions
Men with ESRD and those who have received a renal transplant are often plagued with hypogonadism. The etiology is likely multifactorial and the diagnosis is established by detection of a low testosterone level and associated clinical signs and symptoms. Testosterone replacement therapy has surged in the general population and has been shown in small studies to improve the hormonal parameters of ESRD patients. The effects of androgen replacement on sexual dysfunction in ESRD or transplant are controversial but studies suggest variable improvement. Further studies are needed to better elucidate the effects of therapy as well as to determine the effects on other clinical signs/symptoms including anemia, muscle mass, strength, bone density, and psychology in this special population.
